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Background: Prostasomes are extracellular vesicles. Intracellularly they are enclosed by another larger vesicle,
a so called “storage vesicle” equivalent to a multivesicular body of late endosomal origin. Prostasomes in their
extracellular context are thought to play a crucial role in fertilization.
Methods: Prostasomes were puriﬁed according to a well worked-out schedule from seminal plasmas obtained
from human, canine, equine and bovine species. The various prostasomes were subjected to SDS-PAGE sep-
aration and protein banding patterns were compared. To gain knowledge of the prostasomal protein systems
pertaining to prostasomes of four different species proteins were analyzed using a proteomic approach. An in
vitro assay was employed to demonstrate ATP formation by prostasomes of different species.
Results: The SDS-PAGE banding pattern of prostasomes from the four species revealed a richly faceted picture
with most protein bands within the molecular weight range of 10–150 kDa. Some protein bands seemed to
be concordant among species although differently expressed and the number of protein bands of dog
prostasomes seemed to be distinctly fewer. Special emphasis was put on proteins involved in energy meta-
bolic turnover. Prostasomes from all four species were able to form extracellular adenosine triphosphate
(ATP). ATP formation was balanced by ATPase activity linked to the four types of prostasomes.
Conclusion: These potencies of a possession of functional ATP-forming enzymes by different prostasome types
should be regarded against the knowledge of ATP having a profound effect on cell responses and now explic-
itly on the success of the sperm cell to fertilize the ovum.
General signiﬁcance: This study unravels energy metabolic relationships of prostasomes from four different
species.© 2013 The Authors. Published by Elsevier B.V. All rights reserved.1. Introduction
Semen constitutes the combined secretions of the testes and various
accessory glands and seminal plasma contributes to the safe environ-
ment for sperm maturation, sperm viability and fertilization in mam-
mals. The prostate is a prominent accessory sex gland present (besides
in man) in all male domestic mammals. In the horse, it is bi-lobated
and producesmost of the seminal ﬂuid [1], in the dog it is the sole acces-
sory sex gland, while in man the prostate ﬂuid is responsible for about
one third of seminal volume [2]. In addition to soluble proteins andrms of the Creative Commons
bution, and reproduction in any
ited.
onquist).
blished by Elsevier B.V. All rights reother molecules the secretory acinar cells of the prostate gland also re-
lease exosome like vesicles (prostasomes) into the extracellular envi-
ronment, i.e. the seminal plasma [3].
Prostasomes, that accordingly belong to the exosome family [4], rep-
resent a population of membrane vesiclesmost of which ranging in size
from 30 to 200 nm in diameter [5]. Their formation is the result of mul-
tiple inward buddings of the surroundingmembrane of late endosomes
thereby generating intraluminal vesicles. These so called “storage vesi-
cles” (equivalent to multivesicular bodies, MVB) are able to fuse with
the plasma membrane of the secretory, acinar cell of the prostate and
release their content (prostasomes) to the extracellular medium (exo-
cytosis) [3,6]. Prostasomes are thought to play an important role in
intercellular communication by direct interaction primarily between
the immobile acinar cells of the prostate gland and the mobile sperma-
tozoa [5]. Prostasomes transfer not only membrane components but
also genetic material to spermatozoa and they are rich in variousserved.
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the fertilizing ability of spermatozoa [5].
We reported recently that human prostasomes were able to form
extracellular adenosine triphosphate (ATP) [7]. The net ATP production
was low due to a vigorous prostasomal ATPase activity that could be
partially inhibited by vanadate [7]. We asked the question whether
this ability was unique for human prostasomes. The aim of the present
study was to investigate whether prostasomes from some domestic an-
imals had the property of producing extracellular ATP when supplied
with proper substrates.
2. Material and methods
2.1. Collection of seminal plasma
2.1.1. Human
Human semen was collected from 30 to 40 attendants, referred to
the fertility clinic at Uppsala University Hospital for infertility investiga-
tions. Collected semen samples were centrifuged for 20 min at 1000 g
and 20 °C to remove spermatozoa and possible other cells. Seminal
plasma was stored at−20 °C until preparation of prostasomes.
2.1.2. Dog
Dog semen was collected at the Swedish University of Agricultural
Sciences from 15 clinically healthy dogs of nine different breeds. Col-
lected semen samples were centrifuged at 20 °C and at 3400 g for
10 min to remove spermatozoa and possible other cells. Seminal plas-
ma was stored at−20 °C until preparation of prostasomes.
2.1.3. Stallion
After collection of equine semen with an artiﬁcial vagina according
to standard animal husbandry practice, the raw ejaculate was cen-
trifuged at 20 °C and at 500 g for 20 min to allow the sperm-free super-
natant to be harvested. Seminal plasma was stored at −20 °C until
preparation of prostasomes.
2.1.4. Bull
Semenwas collected from12 bulls at a commercial semen collection
station (Viking Genetics, Falkenberg, Sweden) using an artiﬁcial vagina
according to standard practice. The raw ejaculate was centrifuged at
20 °C and at 500 g for 20 min before aspirating the sperm-free seminal
plasma which was stored at−20 °C until preparation of prostasomes.
The study concerning human seminal plasma was approved by the
Ethics Committee of the University of Uppsala and in accordance with
the Declaration of Helsinki. Semen from animals was collected accord-
ing to standard husbandry practices. The experimental protocol had
previously been reviewed and approved by the Ethical Committee for
Experimentation with Animals, Uppsala, Sweden (C249/11 for bulls;
C344/9 for stallions; C263/10 for dogs), and by the Swedish board of
Agriculture (Dnr 31-12760/10).
2.2. Preparation of prostasomes
Seminal plasma from each species was thawed and centrifuged at
10,000 g for 30 min to remove possible cell debris. The supernatant
was subjected to preparative ultracentrifugation for 2 h at 100,000 g to
pellet prostasomes. The prostasomes were resuspended in phosphate
buffered saline (PBS), pH 7.4. The suspension was in each case further
puriﬁed on a Superdex gel column (GE Healthcare, Uppsala, Sweden),
equilibratedwith the PBS, to separate prostasomes fromamorphous sub-
stance [8]. Eluents were collected at a speed of 4 mL/h, and prostasome
content was monitored at 260 nm and 280 nm. High molecular weight
fractions with elevated absorbances at 260/280 nm were pooled and
ultracentrifuged at 100,000 g for 2 h. The pellet representing a ﬁrst puri-
ﬁcation step of prostasomes was resuspended in PBS and loaded on
top of a sucrose gradient of 2 mol/L, 1.5 mol/L and 1 mol/L sucrose,respectively, and ultracentrifuged at 85,000 g (SW28.1 rotor, Beckman
Coulter, Indianapolis, IN, USA) for 17 h. The main band, in-between the
1.5 mol/L and 1 mol/L layers, was collected and PBS was added for sus-
pension followed by ultracentrifugation at 100,000 g for 2 h in order to
pellet the prostasomes. The pellet derived from the main band on
sucrose-density gradient ultracentrifugation was resuspended in PBS
and adjusted to a prostasomal protein concentration of 2 mg/mL using
a BCA protein assay kit (Merck, Darmstadt, Germany). Prepared
prostasomes in this way from each species were frozen and kept at −
70 °C.
2.3. SDS-PAGE
14 μg protein of eachprostasomebreedwas loaded on a 10%NuPage
gel (Invitrogen, Paisley, UK) and protein separation was performed
with MES-buffer (Invitrogen) for 35 min at 200 V. The SeeBlue® Plus
2 pre-stained standard (Invitrogen) served as indicator for molecular
weights. Proteins were visualized by silver stain (Invitrogen).
2.4. Chemicals
Adenosine 5′-diphosphate sodium salt, D(−)-fructose, potassium
sodium tartrate tetrahydrate, levamisole hydrochloride, sodium iodo-
acetate, and β-nicotinamide adenine dinucleotide hydrate, were from
Sigma-Aldrich (Sigma-Aldrich, St. Louis, Mo, USA). D(+)-glucose, po-
tassium chloride and magnesium chloride hexahydrate were from
Merck. The ATP determination kit, including dithiothreitol (DTT) and
adenosine triphosphate (ATP) was from Invitrogen.
Microtiter plates, polystyrene 96-weel*M were purchased from
Sigma-Aldrich (ST. Louis, MO, USA) and the analysis was performed by
a Victor2 1420 Multilabel counter (Perkin Elmer, Santa Clara, Ca, USA).
Phosphate buffered saline (PBS), pH 7.4, was freshly prepared and
autoclaved to exclude any bacterial interference. Small volumes of the
autoclaved PBS were frozen for use in each experiment.
2.5. LC–MS/MS analyses of prostasomal peptides
Identiﬁcation of prostasomal proteins was done on samples not
subjected to sucrose gradient fractionating but otherwise in accordance
with the established routine for prostasome puriﬁcation. Prostasomes
in PBS suspension corresponding to 50 μg protein were removed for
digestion. SDS (1%) and ammonium bicarbonate (100 mmol/L) were
added followed by reduction (DTT, 10 mmol/L) for 10 min at 58 °C
and alkylation (iodoacetamide, 20 mmol/L) for 30 min at 20 °C under
dark conditions. Material was then transferred to spin tubes (Pall
Corporation, 3 kDa cutoff) for “ﬁlter-aided sample preparation” [9]
and urea (4 mol/L) was included. Four exchanges with at least
ten-fold dilution each time were done and retained volumes were
estimated with a pipette. Two volumes of 100 mmol/L of ammonium
bicarbonate were added and thereafter calcium chloride, 1 mmol/L.
Digestion commenced with the addition of 0.5 μg trypsin (Roche, seq
grade) and proceeded over night at 20 °C. The digests were mixed
with 5% acetic acid and collected by centrifugation. The tubes with
their content were washed with 100 μL urea, 4 mmol/L/acetic acid, 5%
which after centrifugation were added to the primary ﬁltrate. The
ﬁltrates were passed through STAGE-tips [10] twice, eluted and dried.
Resolubilization was in 20 μL of triﬂuoroacetic acid, 0.1%. Mass analysis
was carried out on a Thermo LTQ Ultra coupled with an Agilent nano-
ﬂow 1100 HPLC. The gradient was 2–4% B 0–10 min ﬂow 0.5 μL/min,
4–35% B 10–80 min ﬂow 0.2 μL/min, 35–50% B 80–98 min ﬂow
0.2 μL/min, 50–100% B 98–103 min, 100% B 103–124 min ﬂow ramped
up to 0.5 μL/min. The column was made in-house with Repro-Sil Pur
C18AQ 3 μm beads in a fused silica capillary approximately 120 ×
0.3 mm. The mass spectrometer was run in FT-mode with resolution
50000 for survey scans with fragmentation in the ion-trap that operat-
ed in a data-dependent mode. The three most abundant peptides were
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used to search the protein database, NCBInr 20101003 (Homo sapiens
or other mammalian) (instrument type: ESI-FTICR) and assigned a
score for individual peptides. Higher scores translate to greater proba-
bility for a sequence being correct. In detail, a score is interpreted as fol-
lows: When matching the MS/MS spectra peptides against a sequence
database, several of thematched peptides will not be unique to a single
protein. For larger searches an identity threshold as well as a homology
threshold is calculated.
The identity threshold depends on the amount of peptides that ﬁt
to the precursor molecular weight, and also on the expected chance
of getting false positives. If there are 5000 peptides that ﬁt to the
surveyed molecular weight, when doing an MS/MS search of a data-
base, for a desired limit of 1 chance in 20 of getting a false positive
match, the probability is calculated as p = 1/(20 × 5000), (=10−5).
From the probability, a Mascot score (ions score) is calculated as:
S = (−10)log(p), (=50).
The homology threshold is an empirical measure of whether the
match is an outlier.
MudPIT score is the sum of the ion scores of all non-duplicate pep-
tides with a ﬁlter against weak (or random) matches. The Select sum-
mary takes the protein with the highest protein score as number one
in the list. All other proteins share the same set of peptide matches or
a sub-set and include these in the same hit. This is repeated for the
descending positions until all the signiﬁcant peptide matches are
accounted for. The use of red and bold typefaces is intended to high-
light the most logical assignments of peptides to proteins. The ﬁrst
time a match to an MS/MS spectrum appears, it is shown in bold
face. Whenever the top scoring match for a spectrum appears (Rank 1),
it is shown in red. Therefore, a peptide match which is both red and
bold is the most likely assignment for the best match. Conversely, a pro-
tein hit without any bold red match, only contains peptides with better
scoring matches assigned to higher scoring proteins.
For other taxonomy (mammalian) (although a preferred taxono-
my is selected) homologous proteins of other species can have a
high score due to the deﬁciency in the selected database.
2.6. General framework for ATP determination involving prostasomes
A reaction volume of 100 μL in each well of the 96-well plate was
used for ATP determination. Out of the 100 μL, 90 μL was allocated to
the ATPase kit constituents and 10 μL for experiment constituents.
Experiment constituents were mixed cohesively within the common
part of experimental design. Then individual reagents were added
linked to each experimental type making up a ﬁnal volume of 100 μL.
From these 100 μL, 10 μL was withdrawn and added to each well in
one column of the plate. Wells in top and bottom rows were excluded
when counting standard deviation and plotting ATP-bars. In all experi-
ments a basic buffer for glycolysis experiments (“glycolysis buffer”)was
prepared by adding 1 mmol/L of MgCl2, KCl, DTT, respectively, and
0.1 mmol/L of NAD+ (ﬁnal concentrations) to PBS buffer. Most experi-
ments included ADP, at a ﬁnal concentration of 0.05 mmol/L.
2.7. Assays of ATPase activity of prostasomes from different species
evaluated with different ATP concentrations
Eight stem solutions of ATP standard dilutions with concentrations
ranging from 10 μmol/L to 0.08 μmol/L (diluted in steps of 1:2) were
produced either containing “glycolysis buffer” plus ATP or “glycolysis
buffer” plus ATP enriched with prostasomes from respective species
with or without 3.3 mmol/L of vanadate (ATPase inhibitor; ﬁnal con-
centration). Regarding the “glycolysis buffer”, an ATP standard ladder
was produced by transferring 20 μL of each of the 7 stem solutions in
the concentration range 5 μmol/L–0.08 μmol/L into separate Eppendorf
tubes for incubation at 37 °C for 10 min. Regarding the “glycolysis
buffer” enriched with prostasomes on the other hand, an ATP standardladder was produced by transferring 10 μL of each of the 7 stem solu-
tions in the concentration range 10 μmol/L–0.15 μmol/L and 10 μL of
“glycolysis buffer” enriched with prostasomes (now with doubled con-
centration of constituents to compensate for dilution) to 7 separate
Eppendorf tubes for incubation at 37 °C for 10 min.
2.8. Glycolysis experiments involving prostasomes of different species
Prostasomes were preincubated in “glycolysis buffer” enriched
with ADP for 10 min, 37 °C, in order to reduce ATP contamination
in the commercially available ADP (Sigma) (by prostasomal
ATPases). 100 μL of the pre-incubation mix was transferred into 4
Eppendorf tubes containing 1 μL each of: glucose (0.5 mol/L) +
vanadate (V) (0.33 mol/L); glucose (0.5 mol/L) + sodium ﬂuoride
(NaF) (0.1 mol/L) + iodoacetate (IA) (0.1 mol/L) + V (0.33 mol/L);
fructose (0.5 mol/L) + V (0.33 mol/L); fructose (0.5 mol/L) + NaF
(0.1 mol/L) + IA (0.1 mol/L) + V (0.33 mol/L). The remaining prein-
cubated prostasomes were saved as a basic control. The tubes were
then incubated at 37 °C for 10 min and transferred in 10 μL-portions
into separate wells (column-wise) of a 96-well plate (10 μL/well).
90 μL of luciferase solution was then added to each well and the plate
was incubated at 37 °C for 15 min for ATP determination.
2.9. Assay of adenylate kinase activity in prostasomes of different species
in presence and absence of tartrate and levamisole
Prostasomes in “glycolysis buffer” were transferred to Eppendorf
tubes containing ADP and either V alone or V together with tartrate
(T) and levamisole (L) giving ﬁnal concentrations of 3.3 mmol/L of van-
adate (V), 10 mmol/L of tartrate (T) and 10 mmol/L of levamisole (L).
Remaining prostasomes were saved as a basic control. The tubes were
directly incubated (without preincubation) at 37 °C for 10 min and
then transferred in 10 μL-portions into separate wells (column-wise)
of a 96-well plate (10 μL/well). 90 μL of luciferase solution was then
added to each well and the plate was incubated at 37 °C for 15 min
for ATP determination.
2.10. Statistical analyses
Variations were expressed as a standard deviation (SD) denoted
with bars in Figs. 3 and 4.
P-values were achieved with paired, two-sided Student's t-test
and a P-value b0.05 was regarded as statistically signiﬁcant.
3. Results
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) is a universally employed analytic procedure that generally
separates polypeptides on the basis of theirmolecularweight. Our anal-
ysis with this technique of highly puriﬁed prostasomes from man, dog,
stallion and bull under reducing conditions revealed a richly faceted
picture with most protein bands within the molecular weight interval
of 10–150 kDa. The number of protein bands of dog prostasomes
seemed to be distinctly fewer than that of human, horse and bovine
prostasomes (Fig. 1). This deviating pattern of dog prostasomes may
be at least partly assignable to the absence of bulbourethral and vesicular
accessory genital glands in this species. Some protein bands seemed to
display similar molecular weights among different types of prostasomes
although their expressions were dissimilar; e.g. the one at about 22 kDa
was clearly depicted in prostasomes of horse and dog but less so in
prostasomes of man and bull (arrow, Fig. 1). A clear cut 14 kDa-protein
band was seen in bovine prostasomes with no correspondence in man
and dog. A manifoldness of low molecular protein bands was apparent
especially in equine prostasomes (Fig. 1).
Proteomic studies were carried out on the four types of puriﬁed
prostasomes with emphasis on enzymes involved in ATP metabolic
Fig. 1. Detectionof various protein bands by SDS-PAGEof puriﬁedprostasomes fromhuman,
dog, horse and bull. In the lower weight range the protein pattern of horse prostasomes
distinguishes itself with a dense banding pattern. Although differences exist in the patterns,
several bands with similar molecular weight can be found for all species. One band with a
dissimilar expression is indicated (arrow).
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types, Tables 1 and 2. Thirty prostasomal proteins (besides those impli-
cated in ATPmetabolic turnover) are examples of those common for all
four species, see Table 3. A full-scale representation of prostasomal
proteins of the four species is given in Supplementary Tables 1–4. On
the whole, there appeared to be no category-distinguishing groups of
proteins among the different types of prostasomes. On the other hand
it was difﬁcult to discern a unique protein of a speciﬁc prostasome
type (Supplementary Tables 1–4). Additionally, graphic representations
of varied classes of prostasomal proteins (categories: molecularTable 1
Glycolysis-associated proteins identiﬁed by mass spectrometry in prostasomes of human, d
bull or dog proteins. n.a. is “not annotated”.
Enzyme Human Dog
Hexokinase Isoform HKI-ta/tb Type I (HK I)
Glucose-6-phosphate isomerase GPI GPI, (SA-36) isof
6-Phosphofructokinase Liver n.a.
Fructose-bisphosphate aldolase Aldolase A Muscle-type ald
Triosephosphate isomerase TIM Isoform 1
Glyceraldehyde-3-phosphate dehydrogenase GAPDH GAPDH
Phosphoglycerate kinase PK1 Testis speciﬁc
Phosphoglycerate mutase 1 Isozyme B
Alpha enolase Carbonate dehydratase Non-neural enol
Pyruvate kinase Isozymes M1/M2 Isozymes M1/M2
Adenylate kinase Isoenzyme 1 Isoenzyme 1⁎
5′-Nucleotidase Precursor Precursor⁎
Lactate dehydrogenase B chain LDH-B
⁎ Bos Taurus.
⁎⁎ Canis familiaris.function; biological process; cellular components; protein classiﬁcation)
are given in Supplementary Figs. 1–4.
It should be noted (Table 1) that there were signs of testis con-
taminations in a couple of cases, viz. testis-speciﬁc phosphoglycerate
kinase in dog prostasomes and lactate dehydrogenase (LDH) C in bull
prostasomes (the testis-speciﬁc isoenzyme of LDH). This latter observa-
tion is in agreement with a previous study concerning LDH isoenzymes
in human prostasomes.We found presence of LDH1, LDH2 and LDH3 in
about equimolar amounts in prostasomes of post-vasectomymen (and
no LDHC at all) while in prostasomes of normozoospermic men there
were additionally small amounts of LDHC indicatory of sperm contam-
ination, albeit rigorous puriﬁcation procedures including gel chroma-
tography [11]. There were striking differences in ATPase activities
with highest catalysis in prostasomes from horse and bull; vanadate
was modestly inhibitory especially of ATPase of dog prostasomes and
to a certain extent also of ATPase of human prostasomes while the in-
hibitory action was not provable on ATPase of equine and bovine
prostasomes (Fig. 2). Most of the glycolytic enzymes as well as adenyl-
ate kinase and 5′-nucleotidase were present in prostasomes of the four
species (Table 1).
All prostasomes were indeed able to produce ATP regardless of glu-
cose or fructose being the substrate and it was possible in each case to
prove the relevance of glycolytic ATP production, since iodoacetate
and sodium ﬂuoride (well known inhibitors of glycolysis) were consis-
tently inhibitory of this ATP formation (Fig. 3) and their inhibitory ac-
tions were additive (not shown in Fig. 3). A typical pattern was
discerned regarding ATP formation by bovine prostasomes being the
strongest producers of ATP, although these prostasomes demonstrated
highest ATPase activity (reﬂecting most intensive glycolytic ﬂow)
whereas the opposite was true for dog prostasomes with smallest pro-
duction of ATP in presence of lowest ATPase activity. ATP formation by
human and equine prostasomes fell between bovine and dog (Fig. 3).
The same pattern was obtained when testing adenylate kinase as a
catalyst for the dismutation reaction between two ADP giving rise to
one ATP and one AMP. Hence, again, bovine prostasomes were leading
and dog prostasomes were weak suppliers regarding ATP levels while
prostasomes fromhuman and horsewere in-between (Fig. 4). The clas-
sical adenylate kinase inhibitor, diadenosine pentaphosphate, could not
be used due to toomuch contamination of ATP in this inhibitor (Sigma).
We therefore tested the possibility of introducing the two modest in-
hibitors tartrate and levamisole of prostasomal 5′-nucleotidase [12] in
order to disarrange the equilibrium of the adenylate kinase reaction.
By inhibiting the 5′-nucleotidase, AMP cannot be removed meaning a
disfavor of ATP formation. Indeed we found a diminished production
of ATP catalyzed by adenylate kinase regarding human and horse
prostasomes in presence of these two inhibitors (Fig. 4).og, horse and bull. Proteins in dog and horse subscribed with * or ** were identiﬁed as
Horse Bull Score (at least
two red hits)
Hexokinase 1⁎ Hexokinase 1 122/760/66/298
orm 3 GPI, (SA-36) isoform 3⁎⁎ GPI 192/107/178/501
Liver type⁎ n.a. 190/101
olase C-A⁎ C-A 435/292/213/133
Isoform 1⁎⁎ Triosephosphate isomerase 412/59/61/94
GAPDH GAPDH 562/244/186/187
PK1 PK2/PK1 800/422/357/388
Isozyme M⁎⁎ 2 39/111/63/204
ase Non-neural enolase Alpha enolase 528/237/418/146
Isozymes M1/M2⁎⁎ PKM2 protein 717/334/309/148
Isoenzyme 1⁎ Isoenzyme 1 60/124/225/409
Precursor⁎ Precursor 241/691/663/2602
Lactate dehydrogenase B B/C/A 213/229/113/126
Table 2
ATPases identiﬁed by mass spectrometry in prostasomes from human, dog, horse and bull. Horse proteins indicated with * were identiﬁed with a dog origin and with ** were iden-
tiﬁed with a pig origin.
Prostasomal ATPases
Human Score Dog Score Horse Score Bull Score
Phospholipid-transporting ATPase 216 Na,K-ATPase 430 Na,K-ATPase 136 Na,K-ATPase 261
TER ATPase 187 ATPase type 13A4 195 Plasma membrane
calcium ATPase 2⁎
129 Plasma membrane
calcium ATPase
130
Vacuolar ATPase 117 Sarcoplasmic/endoplasmic
reticulum calcium ATPase
81 Non-gastric
H(+)/K(+) ATPase
85 Vacuolar ATPase 82
Na,K-ATPase 63 Vacuolar ATPase 76 TER ATPase⁎⁎ 72
TER ATPase 66
⁎ Canis familiaris.
⁎⁎ Sus scrofa.
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Prostasomes from all four species were regarded as “valid”, since
they shared the common property of having been recovered from the
main band at a similar density on sucrose-density gradient ultracentri-
fugation. A clear-cut capacity for ATP formation by all four types of
prostasomes was apparent when supplied with appropriate substrates.
Still, obvious differences existed in these accomplishments with bovine
prostasomes in a leading position. This was notable since bovine
prostasomes exhibited highest ATPase activity concomitantly with
very low inhibitory (if any) effect of vanadate on this ATPase enzyme
complex indicating a very high glycolytic ﬂow. Lactate is the end prod-
uct of anaerobic glycolysis and would be a good marker of glycolytic
ﬂux. We were not successful in demonstrating any lactate due to too
small amounts of prostasomes in our experimental system. However,
since we had an additive effect of the two known glycolytic inhibitors
iodoacetate and sodium ﬂuoride we believe for very good reasons
that glycolysis was involved. What is more, iodoacetate works as an
inhibitor on the level of glyceraldehyde 3-phosphate dehydrogenase
(meaning inhibitory of the ﬁrst ATP yielding step, glyceraldehyde
3-phosphate/3-phosphoglycerate kinase) and ﬂuoride ions on enolase
(meaning inhibitory of the second ATP yielding step, phosphoenolpyr-
uvate/pyruvate kinase) indicative of a glycolytic ﬂux.
We propose that the ATP formed by prostasomes from four different
species is extracellular. Certainly, glycolytic enzymes and adenylate ki-
nase have traditionally been regarded as being soluble in the cytoplasm.
However, there are accumulating evidences that part of these enzymes
is indeedmembrane-associated [13–22].What ismore, some of the gly-
colytic enzymes as well as ATPase and 5′-nucleotidase are known to
occur at the external membrane of mammalian cells [23–27]. AfterTable 3
Thirty prostasomal proteins typically common for all four species. Proteins with two or
more red hits in all four lists (Supplementary Tables 1–4) were selected for comparison.
Selection criteria according to Mascot, LC–MS/MS (http://www.matrixscience.com/).
Thirty proteins common in all four species, with two or more red hits
14-3-3 proteins EH-domain containing
proteins
Plastin
Aminopeptidase Elongation factors Poly(rC)-binding
proteins
Angiotensin
converting enzyme
Ezrin/Radixin/Moesin Proteasome subunits
Annexins Glutathione S-transferase RAB/RAS proteins
Basigin GTP-binding proteins Solute carrier
family 2, member 3
Beta-actin Guanine nucleotide-
binding proteins
Syntaxins
CD-antigens
(CD9, CD13, CD26)
HSP 70, 71, 90 T-complex
protein 1
Clathrin, heavy chain 1 Keratins Tubulins
Clusterin NHE-RF1 Ubiquitins
Coﬁlin-1 Peroxiredoxins VAMPstwo invagination sessions (ﬁrst comprising the plasma membrane
giving rise to early endosomes and second comprising late endosomes
giving rise to intraluminal vesicles) we regard themembrane surround-
ing prostasomes as “right-side-out” with reference to the plasma
membrane. In other words, the above-mentioned enzymes on the ex-
ternal plasma membrane may well be represented on the surface of
prostasomes as well, most conspicuously demonstrated with regard to
ATPase activity [28]. A formation of ATP inside prostasomes followed
by an externalization of ATP due to “leaky membranes” is not very like-
ly. The prostasomal membrane is unprecedentedly robust with a very
high cholesterol/phospholipid ratio and a very high molecular ordering
[29]. Moreover, using a sensitive and speciﬁc HPLC technique, we were
unable to demonstrate any presence of ATP in prostasomes, although
minor amounts of bothADP andGDPwere provable [30]. In this context
it is also worth mentioning that the “cytosolic” volume of a prostasome
is extremely small. Based on a diameter of 100 nm and a globular ap-
pearance of a prostasome (see Fig. 6 in Ref. [31]) the volume of a
prostasome is only approximately 5 × 10−16 mL (i.e. a volume that is
approximately 200,000 times smaller than the volume of a human
erythrocyte), which means an extremely limited “cytosolic” space for
“free” protein molecules speaking in favor of a membrane-linkage of
the involved enzymes.
Extracellular ATP has a profound effect on cell responses [32–34].
There are indeed receptors on cell surfaces for ATP (P2 purinergic re-
ceptors) and these receptors have been cloned and classiﬁed into two
main categories according to their distinct pharmacological potencies
and their mode of action in transducing signals. Hence, ATP canFig. 2. Inhibitory effect of vanadate (3.3 mmol/L) on prostasomal ATPase of different spe-
cies using different amounts of ATP (black columns). Vanadate inhibited approximately
50% of the prostasomal ATPase activity in dog and one third of the human ATPase activity.
Vanadate had no obvious effect on horse and bull ATPases. Corresponding tests without
vanadate eradicated all ATP. Luciferase bioluminescence in arbitrary units is depicted on
the y-axis and added ATP (in picomoles) on the x-axis.
Fig. 3. ATP producing capacity by prostasomes of different species using either glucose (G)
or fructose (F) as substrates. Prostasomes were incubatedwith either G or F in presence of
the glycolysis inhibitors iodoacetate (IA) and sodium ﬂuoride (NaF). In all experiments
vanadate (3.3 mmol/L) was added as ATPase inhibitor. Luciferase bioluminescence (ATP)
in arbitrary units is depicted on the y-axis and one standard deviation is denoted by bar
(based on 6 similar experiments). Comparisons within each species assignable to G + V
(from left to right). Human: p b 0.001; ns; p b 0.001. Canine: p b 0.001; ns; p b 0.001.
Equine: p b 0.001; p b 0.001; p b 0.001. Bovine: p b 0.001; p b 0.001; p b 0.001. ns =
not signiﬁcant.
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channels [35,36]. Both mechanisms are known to participate in the
cascade leading to sperm acrosomal exocytosis [37] and it is notewor-
thy in this context that prostasomes have the ability to interact with
spermatozoa [31]. Acrosomal exocytosis is a calcium ion-dependent
event that occurs after induced elevation of intracellular calcium ion
concentration that requires sperm binding to the egg [38]. This effect
of extracellular ATP on acrosomal exocytosis is also relevant in human
spermatozoa [39]. A more detailed study on bovine spermatozoa re-
vealed that extracellular ATP induced an acrosomal exocytosis by
ATP activation of the P2 receptor which in turn led to elevated intra-
cellular calcium ion concentrations resulting in activation of protein
kinase C that phosphorylated relevant proteins for the acrosomeFig. 4. Adenylate kinase activity in prostasomes from human, dog, horse and bull.
Prostasomes from all species were incubated with ADP (without preincubation), tartrate
(T) and levamisole (L). In all experiments vanadate (3.3 mmol/L)was added as ATPase in-
hibitor. Luciferase bioluminescence (ATP) in arbitrary units is depicted on the y-axis and
one standard deviation is denoted by bar (based on 6 similar experiments). Comparisons
within each species assignable to ADP + V. Human: p b 0.001; Canine: ns; Equine:
p b 0.001; Bovine: p b 0.05. ns = not signiﬁcant.reaction to occur [40]. It should be kept in mind, however, that the
production of ATP seemed to be well balanced by a concomitant
prostasomal ATPase activity. Thiswas illustrated by bovine prostasomes
having the highest production rate of ATP together with highest ATPase
activity contrary to canine prostasomes having the lowest production
rate of ATP together with lowest ATPase activity. Accordingly, the net
result in terms of ATP availability for other metabolic events may be
limited. Therefore, other ﬁelds of application should be considered. In
any event, the enzymes in ATP formation were functional. Prostasomes
are able to fuse with sperm cells provided that the pH is low (4–5) and
no fusion is observed at physiologic pH [41]. From their deposition in
vagina to ﬁnal migration in the oviduct, sperm cells pass through differ-
ent compartments of the genital tract in which they encounter different
environments. The human vaginal ﬂuid has normally a pH of 4–5 that
ﬁts with pH for optimal fusion between prostasomes and sperm cells
in man [41]. It should be mentioned though that sperm deposition
takes place in utero in the mare and in the dog under neutral pH
conditions and the same is true for the bovine vaginal ﬂuid. Neverthe-
less, at least in human beings it is not unreasonable that part of the
prostasomes (that are in excess over sperm cells in an ejaculate [42])
may be able to deliver their cargo to sperm cells. This is well-founded,
since theremight be a conﬂict between the critical demand of function-
al glycolytic enzymes and the silence of protein translation. Transcrip-
tion ceases several days before the end of spermiogenesis [43], and
the time between when expression is shut down and when acquisition
of a distinct pattern ofmotility known as hyperactivation [44] is needed
may be weeks.
Hence, glycolysable substrates and glycolytic activity are essential
for sperm motility [45,46], protein tyrosine phosphorylation [47] and
fertilization [48]. Combining human prostasomes with 5 mmol/L of
any of the hexoses fructose, glucose or mannose resulted in a prolon-
gation and improvement over 150 min of the prostasome-induced
effect on sperm forward motility [45]. We here found that glucose
and fructose were approximately equal as substrates in their ability
to support prostasomal ATP production of the four different species.
These two monosaccharides are in fact most commonly found in
mammalian seminal plasma, although other sugars, such as sorbitol
or mannose can also be detected [49]. Our study demonstrated a com-
paratively low ability of ATP production by canine prostasomes com-
pared with prostasomes from the three other species. As a matter of
fact, dog seminal plasma does not contain signiﬁcant amounts of glu-
cose, fructose, sorbitol or mannose [49]. Yet, the motility patterns of
dog spermatozoa incubated with either fructose or glucose differ,
since incubation with fructose resulted in a motility that was more
rapid and linear than observed after incubation with glucose [49].
Despite their net, low ATP content, dog spermatozoa maintained a
signiﬁcant degree of motility regardless of the medium [49]. This ob-
servation indicates that dog sperm cells may have an elaborate and
efﬁcient system to maintain their function considering that most
sperm energy consumption is devoted to sustain motility [50]. Our
present observation on the rather scanty production of ATP by dog
prostasomes ﬁts into the same context of an energy sparing system.
In summary, our energy metabolic studies of human, canine, equine
and bovine prostasomes revealed a complex course of events involving
various ATP forming reactions and ATPases with potency of delivery of
extracellular ATP.Acknowledgement
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